ABSTRACT. An in-situ ultrasonic guided wave technique is employed for real-time monitoring of crack initiation and evolution during dwell, cyclic fatigue and creep tests of Ti-6242 alloy samples. Ultrasonic signals are acquired continuously during the test at different levels of fatigue load using a high-speed data acquisition system. The initiation time and growth history of primary and multiple secondary cracks are assessed. Localization of the secondary cracks is performed by both the in-situ ultrasonic method and an ultrasonic immersion scanning method which we call "vertical C-scan" (VC scan). The VC scan is developed for imaging small cracks aligned normal to the fatigue sample axis. The fusion of ultrasonic and microradiographic images exhibits good agreement in crack location. Joint use of the three techniques provides location, shape, and size of the secondary cracks.
INTRODUCTION
Due to their high specific strength, high service temperature and good fracture toughness, titanium alloys are widely employed in aircraft engine components, e.g. compressor blades and spools. The strength of these alloys is manipulated and maximized by controlling their microstructure during thermomechanical processing. However, it has been reported that these alloys show anomalously high primary creep strains at low temperatures (0.2T m (K)) and low applied stresses (0.6ay) [1] . The accumulation of high creep strain results in a significant reduction of fatigue life during the dwell cycle fatigue testing. Alloys that contain coarse oc/(3 microstructures have been found to be most susceptible to dwell cycle fatigue [2] . To date the initiation mechanism of the cold dwell fatigue crack in Ti-6242 alloy has been investigated [1] [2] [3] , but the details of the interaction between microstructure, loading history, hydrogen content and fatigue life are not fully understood.
While the crack initiation site and the failure mode of a fatigue sample could be, in principle, inferred from fractographs of the fracture surface, the time and conditions of crack initiation cannot be so determined. A straightforward approach to understanding the crack initiation mechanism may be direct observation of the microstructure surrounding a just-initiated dwell fatigue crack. For this purpose, early detection and accurate localization of the initiated small cracks are of great importance.
In general, the monitoring of surface crack initiation is a difficult task. Furthermore, in Ti-6242 alloy the dwell fatigue cracks initiate at multiple sites, which adds complexity to the crack monitoring. In addition, the shape and size of the fatigue sample allows limited room for access to the cracks.
In this paper, ultrasonic evaluation methods that have been developed to obtain information on initiation, propagation and location of the dwell fatigue cracks in Ti-6242 alloy samples are presented. An in-situ ultrasonic guided wave technique developed for monitoring of fatigue crack initiation in Al-2024 alloy [4, 5] is implemented during dwell/cyclic fatigue and creep tests of Ti-6242 alloy samples. For localization of secondary cracks an ultrasonic scanning method (vertical C-scan) is developed. This technique is applied after mechanical testing in conjunction with microradiography for precise localization and sizing of the cracks.
SAMPLES AND FATIGUE TESTS
Cylindrical and rectangular standard fatigue samples (ASMT E606-92) were used in the experiments. Some of the fractured circular samples were obtained from GE after mechanical tests. The cylindrical samples were 5 mm diameter and 19 mm length in the gage section. One of the cylindrical samples has been shot-peened. The rectangular samples were prepared from high microstructure Ti-6242 o/|3 forge and machined to be flat fatigue specimens with 2 mm thickness, 6 mm width and 12.5 mm length in the gage section. The samples had no start notch to study the crack initiation mechanism and failed during the dwell fatigue, regular low cycle fatigue and creep tests. The test conditions are summarized in Table I .
IN-SITU ULTRASONIC MONITORING OF DWELL FATIGUE CRACK INITIATION AND PROPAGATION

Experimental Setup
To monitor the initiation and propagation of the dwell fatigue cracks, we have employed ultrasonic guided waves excited in the fatigue sample. The transducer assembly is clamped on the fatigue sample so that the ultrasonic reflection signals are collected without stopping the fatigue test as shown in Fig. 1 . The longitudinal wave transducer with center frequency 5 MHz is used with a specially designed polystyrene wedge to generate the Lamb wave in the 2 mm thick Ti-6242 alloy sample as shown in Fig. 1 . More precisely, So and AO Lamb waves are excited at a given value of the frequency-thickness product. A wedge guided wave reflector has been mounted on the sample (Fig. l(b) ) to have a reference signal for interpretation and processing of the signals acquired. Software for fatigue control and the experimental system for ultrasonic data acquisition have been developed. The software controls a 12 bit, 125 MHz digitizing computer board to acquire and process ultrasonic reflection signals at different levels of fatigue load. The data acquisition and the ultrasonic pulser/receiver are triggered by a counter that is controlled by the computer, allowing the system to be triggered at predetermined loads and time intervals. The control/data acquisition system is shown schematically in Fig. 2 . The system allows continuous ultrasonic monitoring of the sample during fatigue loading. The acquisition repetition rate of the ultrasonic system is selected to allow decay of the ultrasonic events in the sample. Using the real-time computer control data acquisition system, the ultrasonic signals were acquired 9 times during a dwell period and 20 times during an unloading-loading period. In principle, the signals may be acquired much more often; we limited the number of acquisitions to reduce the amount of stored experimental data. During the cyclic fatigue test, data acquisition was performed every 2,000 cycles. At each event of data acquisition 50 signals were obtained per cycle. The ultrasonic signals were obtained every 2 minutes during the creep test.
In-Situ Monitoring of Crack Initiation and Evolution
As an example, Figure 3 Software for fatigue control and the experimental system for ultrasonic data acquisition have been developed. The software controls a 12 bit, 125 MHz digitizing computer board to acquire and process ultrasonic reflection signals at different levels of fatigue load. The data acquisition and the ultrasonic pulser/receiver are triggered by a counter that is controlled by the computer, allowing the system to be triggered at predetermined loads and time intervals. The control/data acquisition system is shown schematically in Fig. 2 . The system allows continuous ultrasonic monitoring of the sample during fatigue loading. The acquisition repetition rate of the ultrasonic system is selected to allow decay of the ultrasonic events in the sample. Using the real-time computer control data acquisition system, the ultrasonic signals were acquired 9 times during a dwell period and 20 times during an unloading-loading period. In principle, the signals may be acquired much more often; we limited the number of acquisitions to reduce the amount of stored experimental data. During the cyclic fatigue test, data acquisition was performed every 2,000 cycles. At each event of data acquisition 50 signals were obtained per cycle. The ultrasonic signals were obtained every 2 minutes during the creep test.
As an example, Figure 3 Number of dwell fatigue cycle Changes of the reflected signal maximum amplitudes in different gates with number of cycles are summarized in Fig. 3(b) . The results imply multiple crack initiation and growth. The signal amplitude change during the initial time period (until about 50 cycles) is due to stabilization of the transducer holder on the sample; there is no evidence supporting crack initiation in this period. Drastic increase in signal amplitude occurs during the final stage of the fatigue life. The positions of the initiated cracks are determined from the time delays of signals in different gates. In particular, gate 1 corresponds to the primary crack leading to sample failure (signals in all other gates are from cracks that are located behind the fracture surface in this particular sample). For example, the time delay of gate 4 is 4.8 (isec which corresponds to 7.5 mm distance from the fracture surface. It is also important that from Fig. 3 (b) the crack growth history can be inferred. For example, the signal evolution in gate 1 indicates crack initiation at around 400 cycles. Likewise, the signal in gate 4 shows crack initiation at around 170 cycles (which Changes of the reflected signal maximum amplitudes in different gates with number of cycles are summarized in Fig. 3(b) . The results imply multiple crack initiation and growth. The signal amplitude change during the initial time period (until about 50 cycles) is due to stabilization of the transducer holder on the sample; there is no evidence supporting crack initiation in this period. Drastic increase in signal amplitude occurs during the final stage of the fatigue life. The positions of the initiated cracks are determined from the time delays of signals in different gates. In particular, gate 1 corresponds to the primary crack leading to sample failure (signals in all other gates are from cracks that are located behind the fracture surface in this particular sample). For example, the time delay of gate 4 is 4.8 µsec which corresponds to 7.5 mm distance from the fracture surface. It is also important that from Fig. 3 (b) the crack growth history can be inferred. For example, the signal evolution in gate 1 indicates crack initiation at around 400 cycles. Likewise, the signal in gate 4 shows crack initiation at around 170 cycles (which Changes of the reflected signal maximum amplitudes in different gates with number of cycles are summarized in Fig. 3(b) . The results imply multiple crack initiation and growth. The signal amplitude change during the initial time period (until about 50 cycles) is due to stabilization of the transducer holder on the sample; there is no evidence supporting crack initiation in this period. Drastic increase in signal amplitude occurs during the final stage of the fatigue life. The positions of the initiated cracks are determined from the time delays of signals in different gates. In particular, gate 1 corresponds to the primary crack leading to sample failure (signals in all other gates are from cracks that are located behind the fracture surface in this particular sample). For example, the time delay of gate 4 is 4.8 µsec which corresponds to 7.5 mm distance from the fracture surface. It is also important that from Fig. 3 (b) the crack growth history can be inferred. For example, the signal evolution in gate 1 indicates crack initiation at around 400 cycles. Likewise, the signal in gate 4 shows crack initiation at around 170 cycles (which is earlier than the primary crack initiation) followed by crack retardation at about 400 cycles while the primary crack grows till failure. The retarded crack becomes active again after 500 cycles. The crack retardation may be attributed to crack re-nucleation at a boundary with a neighboring colony where the crystal orientation is much different than that of the colony where the crack originally initiated [6] . Using the technique described we can obtain information on initiation times for different cracks in the sample. Although interaction of the ultrasonic wave with multiple cracks may cause shielding of the signals, it is believed that crack initiation and propagation can be monitored successfully while cracks are small.
ULTRASONIC VERTICAL C-SCAN TECHNIQUE Experimental Setup
We have also developed a method for ultrasonic localization of the secondary cracks in the fractured fatigue samples after mechanical testing. Since cracks are oriented nearly perpendicular to the sample axes we developed a scanning method shown schematically in Fig. 4 . We call this scanning mode "VC scan".
The angles of the transducer holder are designed in such a way that the ultrasonic beam inside the sample is reflected by the crack and the reflected beam is received by the transducer on the opposite side of the sample. The incident angle is determined to be 19° that is larger than the first (longitudinal wave) critical angle so as to produce a 45° refracted shear wave in the sample. As shown in Fig. 4 , when there is a crack or a flaw in the scanned cross-section, the refracted shear wave beam is reflected on the crack surface at 45°, departs the sample at 19° and is received by the receiving transducer. When there is no crack in the sample cross-section, the transmitted ultrasonic beam travels away from the transducer direction and does not reach the receiver. The system consists of two ultrasonic focus transducers, a transducer holder assembly and an immersion X-Y-Z scanning bridge. The sample is mounted on a mechanical alignment device. The center frequencies of the transducers are 25 MHz and 20 MHz for the transmitter and receiver, respectively. The focal length of the transducers is 5.08 mm (2"). The diameter of the transmitter is 0.635 mm (0.25") and that of the receiver is 1.27 mm (0.5"). is earlier than the primary crack initiation) followed by crack retardation at about 400 cycles while the primary crack grows till failure. The retarded crack becomes active again after 500 cycles. The crack retardation may be attributed to crack re-nucleation at a boundary with a neighboring colony where the crystal orientation is much different than that of the colony where the crack originally initiated [6] . Using the technique described we can obtain information on initiation times for different cracks in the sample. Although interaction of the ultrasonic wave with multiple cracks may cause shielding of the signals, it is believed that crack initiation and propagation can be monitored successfully while cracks are small.
The angles of the transducer holder are designed in such a way that the ultrasonic beam inside the sample is reflected by the crack and the reflected beam is received by the transducer on the opposite side of the sample. The incident angle is determined to be 19 o that is larger than the first (longitudinal wave) critical angle so as to produce a 45 o refracted shear wave in the sample. As shown in Fig. 4 , when there is a crack or a flaw in the scanned cross-section, the refracted shear wave beam is reflected on the crack surface at 45 o , departs the sample at 19 o and is received by the receiving transducer. When there is no crack in the sample cross-section, the transmitted ultrasonic beam travels away from the transducer direction and does not reach the receiver. The system consists of two ultrasonic focus transducers, a transducer holder assembly and an immersion X-Y-Z scanning bridge. The sample is mounted on a mechanical alignment device. The center frequencies of the transducers are 25 MHz and 20 MHz for the transmitter and receiver, respectively. The focal length of the transducers is 5.08 mm (2"). The diameter of the transmitter is 0.635 mm (0.25") and that of the receiver is 1.27 mm (0.5"). The ultrasonic scans are performed over the sample cross-sections at different vertical locations along the sample producing a set of vertical scans. The approximate diameter of the ultrasonic beam is 1 mm. The step size of the scanning is 0.1 mm.
Both round and flat fatigue samples were evaluated. Although the results are shown for post mortem fatigue samples, the same scanning technique can be applied for engine component inspection after manufacturing or in service. Figure 5 shows two ultrasonic scan images obtained from the round sample R-l for illustration. This sample had a rough shot-peened surface. The circle indicates the sample boundary. The image of the sample cross-section at z=5.98 mm from the sample top shows no indication of flaw. The sample surface is observable in the image due to ultrasonic scattering on the rough surface (it is marked in the image). The gray area in the central part of the image (marked A) is due to grain noise. Since the dwell fatigue crack initiates when the specific crystal orientation of some grains aligns with the loading direction, grain noise assessment is important in studying dwell fatigue crack initiation. The image for the cross-section at z=6.82 mm shows clear indications of two internal fatigue cracks (Fig. 5) . The lengths of the cracks are 0.44 mm and 0.29 mm. Since the sample was shot-peened, the sample surface is under residual compressive stress and the cracks were initiated inside the sample volume. In fact, in the other samples, the fatigue cracks initiated both inside and on the sample surface as shown in the following figures. Figure 6 shows an ultrasonic scan image for the round sample R-2 without shotpeening. Since this sample had a smooth surface, there is very little surface scattering, so it is more difficult to identify the sample boundary. Similarly to the previous sample grain noise appears in the image (marked A). At distance z=7.01 mm from the fracture surface, indication of a surface crack appears. The crack depth is determined to be 1.7 mm and the width 1.1 mm.
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Z=5.98 mm Z=6.82 mm Rough surface scattering Internal defects FIGURE 5. VC scan images of sample R-l at different heights from the fracture surface.
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The ultrasonic scans are performed over the sample cross-sections at different vertical locations along the sample producing a set of vertical scans. The approximate diameter of the ultrasonic beam is 1 mm. The step size of the scanning is 0.1 mm.
Both round and flat fatigue samples were evaluated. Although the results are shown for post mortem fatigue samples, the same scanning technique can be applied for engine component inspection after manufacturing or in service. Figure 5 shows two ultrasonic scan images obtained from the round sample R-1 for illustration. This sample had a rough shot-peened surface. The circle indicates the sample boundary. The image of the sample cross-section at z=5.98 mm from the sample top shows no indication of flaw. The sample surface is observable in the image due to ultrasonic scattering on the rough surface (it is marked in the image). The gray area in the central part of the image (marked A) is due to grain noise. Since the dwell fatigue crack initiates when the specific crystal orientation of some grains aligns with the loading direction, grain noise assessment is important in studying dwell fatigue crack initiation. The image for the cross-section at z=6.82 mm shows clear indications of two internal fatigue cracks (Fig. 5) . The lengths of the cracks are 0.44 mm and 0.29 mm. Since the sample was shot-peened, the sample surface is under residual compressive stress and the cracks were initiated inside the sample volume. In fact, in the other samples, the fatigue cracks initiated both inside and on the sample surface as shown in the following figures. Figure 6 shows an ultrasonic scan image for the round sample R-2 without shotpeening. Since this sample had a smooth surface, there is very little surface scattering, so it is more difficult to identify the sample boundary. Similarly to the previous sample grain noise appears in the image (marked A). At distance z=7.01 mm from the fracture surface, indication of a surface crack appears. The crack depth is determined to be 1.7 mm and the width 1.1 mm. The microradiograph of the sample is also shown in Fig. 6 for comparison. The distance of the crack from the fracture surface determined from the microradiography image is 7.2 mm and the depth 1.5 mm, which is close to the parameters determined from the ultrasonic image. Figure 7 compares the in-situ ultrasonic crack monitoring curves, ultrasonic VC scans and microradiographic images for sample F-3. The secondary cracks indicated in the microradiography correspond to those identified from the in-situ ultrasonic measurements and the ultrasonic VC scan images. One additional crack is found by both ultrasonic techniques at around 6 mm from the fracture surface while the crack is invisible in the microradiographic image. The locations and sizes of the cracks that are obtained from the VC scan and microradiographic images are summarized in Table II . It should be noted that in the row Crack-3 three closely located cracks were found in the microradiograph; however they appear as a single crack in the VC scan image. These cracks are close in vertical cross-section (1.0 mm, 2.0 mm and 2.8 mm from the fracture surface). The microradiography has better vertical resolution than VC scan imaging. As one can infer from Fig. 4 , to resolve the two close parallel cracks the z position of the VC scan should be changed by a skip distance equal to the sample thickness. This limits vertical resolution of the VC scan. One should also note that the microradiography underestimates the sizes of the cracks inclined to the sample surface.
Localization of Secondary Cracks
SUMMARY
Nondestructive techniques for obtaining information on initiation, propagation, location and size of dwell fatigue cracks in Ti-6242 alloy sample are presented. An insitu ultrasonic guided wave technique is developed for real-time monitoring of crack initiation and evolution during fatigue testing. It allows measuring the initiation time and growth history of primary and multiple secondary cracks. The secondary cracks are localized and sized using the vertical C-scanning technique (VC scan). The scanned ultrasonic images were compared with microradiographic images and found to be in good agreement. Combining the three NDE techniques enables one to determine the initiation times, shapes, orientations and sizes of the cracks. The microradiograph of the sample is also shown in Fig. 6 for comparison. The distance of the crack from the fracture surface determined from the microradiography image is 7.2 mm and the depth 1.5 mm, which is close to the parameters determined from the ultrasonic image. Figure 7 compares the in-situ ultrasonic crack monitoring curves, ultrasonic VC scans and microradiographic images for sample F-3. The secondary cracks indicated in the microradiography correspond to those identified from the in-situ ultrasonic measurements and the ultrasonic VC scan images. One additional crack is found by both ultrasonic techniques at around 6 mm from the fracture surface while the crack is invisible in the microradiographic image. The locations and sizes of the cracks that are obtained from the VC scan and microradiographic images are summarized in Table II . It should be noted that in the row Crack-3 three closely located cracks were found in the microradiograph; however they appear as a single crack in the VC scan image. These cracks are close in vertical cross-section (1.0 mm, 2.0 mm and 2.8 mm from the fracture surface). The microradiography has better vertical resolution than VC scan imaging. As one can infer from Fig. 4 , to resolve the two close parallel cracks the z position of the VC scan should be changed by a skip distance equal to the sample thickness. This limits vertical resolution of the VC scan. One should also note that the microradiography underestimates the sizes of the cracks inclined to the sample surface.
Nondestructive techniques for obtaining information on initiation, propagation, location and size of dwell fatigue cracks in Ti-6242 alloy sample are presented. An insitu ultrasonic guided wave technique is developed for real-time monitoring of crack initiation and evolution during fatigue testing. It allows measuring the initiation time and growth history of primary and multiple secondary cracks. The secondary cracks are localized and sized using the vertical C-scanning technique (VC scan). The scanned ultrasonic images were compared with microradiographic images and found to be in good agreement. Combining the three NDE techniques enables one to determine the initiation times, shapes, orientations and sizes of the cracks. 
